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ABSTRACT
We examine the properties and evolution of a simulated polar disc galaxy. This galaxy is
composed of two orthogonal discs, one of which contains old stars (old stellar disc) and the
other both younger stars and cold gas (polar disc). By exploring the shape of the inner region
of the dark matter halo, we are able to confirm that the halo shape is an oblate ellipsoid
flattened in the direction of the polar disc. We also note that there is a twist in the shape profile,
where the innermost 3 kpc of the halo flattens in the direction perpendicular to the old disc
and then aligns with the polar disc out until the virial radius. This result is then compared to
the halo shape inferred from the circular velocities of the two discs. We also use the temporal
information of the simulation to track the system’s evolution and identify the processes which
give rise to this unusual galaxy type. We confirm the proposal that the polar disc galaxy is the
result of the last major merger, where the angular moment of the interaction is orthogonal to
the angle of the infalling gas. This merger is followed by the resumption of coherent gas infall.
We emphasize that the disc is rapidly restored after the major merger and that after this event
the galaxy begins to tilt. A significant proportion of the infalling gas comes from filaments.
This infalling gas from the filament gives the gas its angular momentum, and, in the case of
the polar disc galaxy, the direction of the gas filament does not change before or after the last
major merger.
Key words: galaxies: evolution – galaxies: formation – galaxies: haloes – galaxies: interac-
tions – galaxies: structure.
1 IN T RO D U C T I O N
Classical disc galaxies consist of flattened distributions of stars, gas
and dust, corotating with the angular momentum vectors more or
less aligned;1 polar disc galaxies2 are significantly more rare, pos-
sessing two orthogonal discs. An original survey of galaxies consist-
ing of orthogonal structures of stars was carried out by Whitmore
et al. (1990), who identified a sample of polar ring galaxies. The
‘primary’ discs in such systems are typically classified as lenticulars
(S0), or ellipticals, with a second, younger, structure aligned with
E-mail: onsnaith@hotmail.co.uk
1 In the presence of warps, though, there may be some misalignment driven
by external torques (Rosˇkar et al. 2010).
2 Originally called ‘multispin galaxies’ by Rubin (1994).
the angular momentum axis of the primary disc. Fewer than 1 per
cent of S0 galaxies contain a polar structure.
Subsequent studies of NGC 4650A revealed a subclass of struc-
tures where the orthogonal distribution of stars was not a ring but
a second fully formed continuous disc structure (Gallagher et al.
2002; Iodice et al. 2002; Swaters & Rubin 2003; Maccio`, Moore &
Stadel 2006; Brook et al. 2008). Systematic studies suggest that their
stellar populations, light distribution and gas-phase characteristics
are not dissimilar from those of classical discs – e.g. exponential
light profiles (Schweizer, Whitmore & Rubin 1983) and H I mass-
to-optical luminosities typical of mass-to-B-band luminosity typical
of late-type spirals (Arnaboldi et al. 1997; Huchtmeier 1997; Sparke
& Cox 2000; Cox, Sparke & van Moorsel 2006).
Thus, there exist polar ring galaxies as well as polar disc galaxies.
We will discuss the latter type in this paper. One of the important
uses of polar disc galaxies is a direct result of having orthogo-
nal discs at the bottom of a halo potential well. One stellar disc
C© 2012 The Authors
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historically allowed astronomers to calculate the existence of dark
matter haloes (see Begeman, Broeils & Sanders 1991, for a detailed
discussion). Iodice et al. (2003) note that the existence of two or-
thogonal discs means that the shape of the inner region of the halo
can be recovered from observations.
There are several theories proposed to explain the origin of polar
ring and polar disc galaxies.
(i) Mergers. As envisioned by Bekki (1997, 1998) and Bournaud
& Combes (2003), polar rings can eventuate for very specific colli-
sion configurations where the collision is ‘head-on’ and the initial
angular momentum low.
(ii) Tidal accretion. Proposed by Schweizer et al. (1983) and
simulated by Reshetnikov & Sotnikova (1997), this scenario in-
volves the capture of a gas-rich secondary by the (future) polar disc
host halo. The interaction-induced polar ring is formed more readily
than in the aforementioned merger-induced scenario (Bournaud &
Combes 2003; Combes et al. 2006).
(iii) Infall from filaments. If gas falls into a galaxy along cosmic
filaments that are inclined to the stellar disc, a polar disc may form
(Maccio` et al. 2006; Brook et al. 2008). Combes et al. (2006) and
Bournaud & Combes (2003) suggest that such cosmological infall
is a viable alternative to tidal accretion for the NGC 4650A system
(e.g. Iodice et al. 2006; Spavone et al. 2010, 2011).
(iv) Resonance. This approach assumes that the polar disc is
formed via resonant coupling to a triaxial halo potential (Tremaine
& Yu 2000). In this picture, a disc is taken to lie in the plane of
symmetry of the triaxial halo and the halo tumbles with respect
to the disc. As the tumbling slows, the stars in the disc can get
trapped in resonance with the halo. A stellar orbit inclined to the
disc precesses at a slow retrograde rate and the star can be pushed
into a polar orbit. This method has been invoked to best explain
equal-mass stellar disc systems.
A seminal review of the field is provided by Combes et al. (2006),
to which all interested readers should refer for a rich survey of the
field. The filamentary infall scenario (iii, above) of Maccio` et al.
(2006) has gathered momentum over the past few years as being
the favoured origin of polar disc systems. This can be traced, in
part, to the fact that the alternatives do not account fully for the
range of observations – in particular, those which show that the
polar disc is often of high mass, possesses extended and continuous
structure, and lacks obvious evidence of starbursts that might be
associated with polar structure formation. A polar disc/ring galaxy
can be formed by scenario (i) when the relative initial velocities are
low (e.g. Bournaud & Combes 2003) and by (ii) in loose groups of
galaxies such as UGC 9796 (Spavone et al. 2011). Polar disc/ring
galaxies are found in low-density environments as the polar structure
is destroyed by mergers (Maccio` et al. 2006). This suggests that each
type of formation may exist in the Universe.
Closely related to Maccio` et al. (2006) scenario (iii, above), Brook
et al. (2008) suggest that the polar disc forms as a result of the last
major merger changing the angular momentum of the stars and gas
of the stellar disc, and then subsequent gas continues to fall in along
the old trajectory and builds up the polar disc.3 The basic observable
characteristics of their simulated polar disc system were presented,
including star formation rates (SFRs), circular velocity profiles and
structural parameters of the discs, along with the aforementioned
putative origin scenario. The exact mechanism by which the dark
halo aligns to the orthogonal discs and how the new infalling gas
3 Alternatively, the gas falling along filaments could change direction.
becomes misaligned to the orthogonal discs was not studied by
Brook et al. (2008).
In what follows, we rectify this by examining the underlying
physics governing the misalignment of the discs in the Brook et al.
(2008) simulation, tracing its temporal evolution and association
with large-scale structure, in order to put their origin scenario to
the test, quantitatively. The simulation and its basic properties are
reviewed in Sections 2 and 3, while the time evolution of the host
halo’s shape is detailed in Section 4. The metallicity and age gra-
dients of the discs are then confronted with recent observational
work (Section 5), while the time evolution of the dark halo, gas and
stellar angular momenta is derived in Section 6. Our conclusions
and suggestions for future directions are made in Section 7.
2 C O D E
The polar disc system under examination here was realized with
the gravitational N-body+smoothed particle hydrodynamics (SPH)
code GASOLINE (Wadsley, Stadel & Quinn 2004). Gravitational forces
are computed using a Barnes & Hut (1986) tree-based algorithm;
the code is spatially and temporally adaptive and employs periodic
boundary conditions. SPH is used to discretize the astrophysical
gas and accounts for radiative cooling, ionization and excitation of
the gas. The ultraviolet background radiation field is included, after
Haardt & Madau (1996). The internal energy of the gas is calculated
to conserve energy better than entropy, and shocks are accounted
for via artificial viscosity.
The star formation recipe employed within GASOLINE is detailed by
Stinson et al. (2006) and includes (i) a Kroupa (2001) initial mass
function, (ii) the effects of both Type Ia and Type II supernovae
(neglecting the instantaneous recycling approximation) and (iii) a
blast-wave feedback scheme with which to couple supernova energy
to the surrounding interstellar medium.
For this simulation, first introduced by Brook et al. (2008), vol-
ume renormalization was employed to ensure high spatial and force
resolution in the area of interest while self-consistently tracking the
gravitational torques imparted by large-scale cosmological struc-
ture. The cosmological framework was a concordant  cold dark
matter, with 0 = 0.3,  = 0.7, σ 8 = 0.81, h = 0.7, where 0
is the matter density,  is the fraction of the energy density of
the Universe due to the cosmological constant, σ 8 is the rms den-
sity fluctuation in 8 Mpc subsamples and h the Hubble constant.
The initial power spectrum was calculated using CMBFAST (Seljak &
Zaldarriaga 1996; Zaldarriaga, Seljak & Bertschinger 1998).
An initial, coarse, dark matter only simulation was run to redshift
z = 0 in a 28.5 h−1 Mpc box; this is large enough to provide real-
istic tidal torques with sufficient resolution for halo identification.
A host halo was selected using AHF (Gill, Knebe & Gibson 2004;
Knollmann & Knebe 2009), and the particles therein traced back
to their respective locations in the initial conditions. The volume
is then recentred on this region and the said region ‘repopulated’
with lower mass dark matter particles in concentric shells of in-
creasing resolution. Each ‘generation’ of dark matter particles is
1/8 the mass of the previous generation. The highest resolution dark
matter particles have a mass 9.5 × 104 M. Only within the high-
resolution region are gas particles now placed, and tracked forward
in time in a resimulation of the volume, now including the effects of
star formation and feedback. These gas particles each have a mass
1.6 × 104 M; star particles which form from these gas particles
have masses of 3.3 × 103 M. The force resolution within the in-
ner, high-resolution, region is 150 pc. At redshift z = 0, there are
3.5 × 106 baryonic particles within the inner 20 kpc.
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3 BA S I C C H A R AC T E R I S T I C S O F
THE SIMULATED SYSTEM
As noted earlier, the simulation discussed here was first introduced
by Brook et al. (2008), but a detailed examination of its dark mat-
ter halo characteristics, relationship to large-scale structure, stellar
and gas-phase metallicity distributions, and their relationship to the
system’s proposed formation were reserved for future work. We
address these points in what follows. A schematic of the system is
shown in Fig. 1, where the older, ‘primary’, stellar disc is shown in
colour (vertical in this figure) and the cold gas associated with the
younger, ‘secondary’, polar disc is represented by the red contours
(horizontal in this figure).
We can identify the polar and stellar discs cleanly via the ages
of their associated star particles: recently formed stars (t > 9 Gyr)
define the ‘polar disc’, while intermediate-age stars (4 < t < 6 Gyr)
define the ‘stellar disc’. This simple delineation is used to define
the disc orientations for our subsequent analyses. Stars formed early
(t < 4 Gyr) are associated with the halo of the galaxy and can be
traced to the stars which formed before or during the last major
merger.
The system as a whole has a dynamical (stellar) mass of 1.6 ×
1011 M (1.0 × 1010 M) within its virial radius (∼130 kpc) at
z = 0.17. The stellar mass of the old stellar disc is 1.9 × 109 M,
while the polar disc has a mass of 9.8 × 108 M, i.e. the polar disc
has half the stellar mass of the stellar disc. The gas mass in the polar
disc is approximately the same as the stellar mass at z = 0.17, so
the baryonic mass in the two discs is approximately the same. Both
discs are less massive than the very old spheroid (with stars formed
at less than 4 Gyr which have a mass of 6.2 × 109 M). Of the three
polar ring galaxies studied in Spavone et al. (2010, 2011), two show
a polar disc more massive than the host galaxy, while UGC 7576
has a polar ring 2.7 times less massive than the host galaxy. Our
polar disc is 3.6 times less massive than the host, a value similar to
that found for UGC 9796 by Spavone et al. (2011). The similarity
in the masses of the two discs differs from NGC 4650A (Spavone
et al. 2011). These mass values are highly dependent on the age
cuts used to define the disc. The original values from Brook et al.
(2008) give significantly different mass values for the two discs and
Figure 1. Schematic density distributions of the intermediate-age stars as-
sociated with the primary stellar disc (colours; vertical in this plane) and
cold gas associated with the secondary polar disc (contours; horizontal in
this plane).
Figure 2. The upper panel shows the mass accretion of the baryonic com-
ponents, with galaxy mass against the age of the universe. The bottom
panel shows the dark matter accretion history, where the dotted line is the
best-fitting (Wechsler et al. 2002) function.
so the relative mass of the two components is mostly dependent on
how one chooses to define it, rather than an intrinsic property. For
example, if we decompose using the method of Abadi et al. (2003)4
then the stellar masses of each disc are the same, so that the total
baryonic mass of the polar disc is twice that of the stellar disc.
The stellar disc is essentially gas free by redshift z ∼ 0.2, but prior
to this, there is an extended period of time during which there is
gas in both discs. The scale-lengths of the stellar and polar discs are
1.0 and 3.4 kpc, respectively, with both showing disc truncations
near ∼3 disc scale-lengths. The two discs are nearly orthogonal,
with an inclination of ∼84◦ between the two. The circular velocity
at 2.2 scale-lengths for both discs is ∼110 km s−1, based on the
Brook et al. (2008) analysis. The polar disc system reported by
Maccio` et al. (2006) possesses similar masses and radial extents
for its two discs. We show the mass accretion history of the galaxy
in Fig. 2. We can, in some sense, think of this history in terms of
three epochs of ‘star formation’: a rapid initial phase (t < 4 Gyr), an
intermediate phase (4 < t < 8 Gyr) and a more gentle, later, phase
(t > 8 Gyr).
3.1 History of formation
The primary disc first forms at redshift z = 3.3 (age = 2 Gyr)
and the last major merger (with a mass ratio near 1:1) encountered
at z = 2.2 (age = 3 Gyr). The interaction between the merging
4 This galaxy is decomposed according to the ratio of  = Jz(E)/Jcirc(E),
where Jz(E) is the z component of the angular momentum of the galaxy and
Jcirc(E) is the angular momentum of the circular orbit with the same energy
E. Disc stars are chosen via a cut in  close to 1.
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galaxies lasts for ∼1 Gyr and significantly disrupts the primary
disc, although the disc re-establishes itself rapidly due to its gas-
rich nature. There is a delay between the last major merger and
the time at which the polar disc becomes noticeable (at redshift
z = 0.8, age = 6.8 Gyr). The polar disc then establishes itself,
evolving passively and stably for the last ∼4 Gyr of the simulation.
In the Brook et al. (2008) galaxy studied here, the polar disc com-
ponent of the galaxy initially forms as a ring but over the following
Gyr the centre is filled by cold gas to resemble a disc. For a video
of the polar disc formation, first presented in Brook et al. (2008),
see http://www.youtube.com/watch?v=c-H3WzaewdY. Only in the
final ∼0.2 Gyr does the polar disc become unstable due to coupling
between the two discs, and the polar disc structure vanishes when
the two align. There is some evidence of a bar growing in the polar
disc right up until the disc is disrupted, and a bar is evident in the
old stellar disc as well. The surprising longevity of simulated polar
disc structures was highlighted by both Maccio` et al. (2006) and
Brook et al. (2008). The former note that only gas which falls into
the polar disc at ∼90◦ to the massive stellar disc can form a stable
secondary disc; at smaller angles of incidence, the infalling gas was
found to fall rapidly to the already existing disc.
3.2 Star formation history
The polar disc system experiences a fairly constant, intense, phase of
star formation between 1 and 4 Gyr after the simulation commenced
(Fig. 3). Subsequent to this, the global star formation decreases
rapidly for the final ∼8 Gyr of the simulation (dashed black curve).
We can infer the star formation histories along each disc by placing
‘slits’ along each (with the knowledge that by doing so means some
‘duplication’ of star formation histories in the region of overlap
between the slits). Although we use the two discs to define where
we place the ‘slits’, we include all stars along the ‘slit’ in our
determination of the SFR. The result of this suggests that the primary
stellar disc forms its stars preferentially at early times, prior to the
last major merger, although residual gas does remain to form stars
at later times (solid black curve). Over the final ∼5 Gyr of the
simulation, stars start to form in the polar disc (solid red curve; see
Figure 3. Time evolution of the SFR of the simulated system. The solid
black line shows the SFR inferred from stars presently situated within a slit
aligned with the old stellar disc and excluding the first kpc; the solid red line
corresponds to the SFR inferred from a slit aligned with the polar disc; the
dashed line corresponds to the global SFR of the system scaled down by a
factor of 10.
also fig. 2 of Brook et al. 2008), increasing steadily, while the star
formation in the primary stellar disc has essentially halted over the
final ∼4 Gyr. During this era, the star formation in the polar disc is
very smooth and continuous, with no starburst features indicative
of merging events. Star formation is ongoing and increasing, up to
z = 0.17, but there is no sign of bursting, with a considerable fraction
of stars being produced recently, so we expect young stars in the
polar disc, as in NCG 4650A (Gallagher et al. 2002), although
no spiral can be seen such as in NGC 4650A. Star formation is
uniform throughout the disc, so there are no young star cluster
regions, merely global star formation without clumping. This does
not, however, mean that the SFR is similar to UGC 7576 or UGC
9796, which Spavone et al. (2011) fitted with an exponentially
decaying SFR. Indeed, the SFR in the polar disc is increasing with
time. The residual star formation not accounted for between the
dashed curve and the sum of the two solid curves is that associated
with the spheroid components of the system. In Fig. 3, the dotted
line (representing 10 per cent of the global SFR) shows that the
star formation within the discs (the ‘in situ’ component) is a small
fraction of the global star formation at early times.
As noted in Section 3, the system was decomposed using a stellar
age cut: stars formed after t > 9 Gyr are considered as part of the
polar disc, and those formed before that are assigned to the stellar
disc.
4 TH E H A L O
One of the original reasons for postulating the existence of dark
matter was the circular velocity profiles of galaxy discs. With polar
discs, we have circular velocities of two orthogonal components of
the dark matter density profile and so these objects provide an ideal
method for studying the shape of the dark matter halo, as highlighted
by Combes & Arnaboldi (1996), Casertano & van Gorkom (1991),
Schweizer et al. (1983), Sackett et al. (1994) and Iodice et al. (2006);
indeed, making use of the Tully–Fisher relation, as applied to polar
discs, Iodice et al. (2003) suggested that dark matter haloes are
oblate and flattened along the polar disc because the H I gas polar
disc was found to have a faster circular velocity than the stellar disc.
In calculating the shape of the dark matter halo directly, we
use the method of Knebe et al. (2010). The shape of the halo is
calculated using spherical shells; at each radius, Ri, we calculate
the inertial tensor using all particles within that radius. We use the
standard inertial tensor, as opposed to the reduced tensor, because
this technique strongly biases the profile in favour of the central
region.
The halo shape is calculated, according to the inertial tensor, as
Ii,j =
∑
n
= mnxi,nxj,n, (1)
where Ii,j is the inertial tensor, n is the particle id, i and j are
the x, y, z components of the particle position vector. The axial
ratios are (a, b, c) = (√λa,
√
λb,
√
λc), where a > b > c and λa,b,c
are the eigenvalues of the tensor. The directions of the axes are
the corresponding eigenvectors, as outlined by Bailin & Steinmetz
(2005).
This method easily identifies the direction of the principal axes
of the best-fitting ellipse, but introduces a bias in the halo shape.
To correct this to match halo sphericity based on potential energy
contours, we must adjust the sphericity parameter, S = c/a, by
Strue = S
√
3
sphere, (2)
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where the sphericity is the ratio between the major and minor axes of
the halo. This relation is based upon the study by Bailin & Steinmetz
(2005).
We will compare our inferred halo shape with that of Maccio` et al.
(2006), in addition to the work of Bailin et al. (2005), who stud-
ied the alignment of traditional galaxy discs with their dark matter
haloes and found that in the inner region there was a tight align-
ment which becomes increasingly divergent with distance. Thus,
we have the amount of mass within a radius R along two orthogonal
directions, M1 and M2.
In order to calculate the axial ratios, we imagine two spheres of
radii ‘a’ and ‘b’, containing the same mass. The ratio of the volumes
of these two spheres is the same as the ratio M2/M1. Therefore, the
axial ratios of the halo are (M2/M1)1/3.
4.1 Radial profile
Using the inertial tensor approach outlined above, in Fig. 4 we show
the sphericity profile of the system’s dark halo (upper panel) and the
direction of the minor axis of the inertial tensor (bottom panel) as a
function of galactocentric distance. We find the system is embedded
within a nearly spherical (S = 0.9) halo near the edge of the stellar
disc (∼5 kpc), but which declines in sphericity both within the
inner kpc and beyond ∼10 kpc. This reaches a minimum sphericity
at 54 kpc or approximately half the virial radius and increases again
to a final value of 0.67 at Rvir. The dark halo is prolate at the edge of
the stellar disc, distinctly oblate at about 15 kpc and then becomes
increasingly triaxial. No obvious ‘imprint’ of the polar disc is seen
in the sphericity profile.
This sphericity trend is similar to that of the Maccio` et al. (2006)
galaxy, which has an inner region of greater sphericity than the outer
region. This will be discussed further later in this section.
In the bottom panel, we can see that the direction of the halo’s
minor axis in the innermost region is orientated 90◦ to the minor axis
in the outer region. The inner region is flattened against the direction
of rotation of the stellar disc and the polar disc is aligned to the axis
of rotation of the stellar disc. The polar disc has been aligned to the
z-axis of the volume and the stellar disc is approximately aligned
to the y-axis. Thus, it is clear that the minor axis of the halo in the
innermost region is aligned to the stellar disc and in the outer region
it is aligned to the polar disc.
For non-polar disc galaxies, the minor axis of the dark matter
halo is found to align closely with the angular momentum of the
Figure 4. Upper panel: the sphericity profile of the dark matter halo as a
function of galactocentric distance. Bottom panel: the direction of the minor
axis of the inertial tensor (black: z-component; red: x-component; cyan:
y-component).
Figure 5. Top panel: the sphericity profile of the dark matter halo as a
function of galactocentric distance, for a simulated ‘classical’ disc galaxy.
Bottom panel: the direction of the minor axis of the inertial tensor (black:
z-component; red: x-component; cyan: y-component).
disc (e.g. Bailin et al. 2005). Fig. 5 shows an example of such a non-
polar disc galaxy (g15784 from Stinson et al. 2010). This galaxy
shares some similarities with our polar disc galaxy in that it has
not experienced a merger or starburst for the past ∼4 Gyr. From the
bottom panel, one can see that there is no sign of the obvious twist
in the minor axis profile (cf. Fig. 4, for the polar disc system here),
consistent with the conclusions of Bailin et al., thus demonstrating
a significant difference in the properties of the two dark haloes.
Another feature of the dark haloes of the Bailin et al. (2005)
sample of eight galaxies is that although the disc angular momentum
and dark halo minor axis are tightly aligned in the centre, they
diverge with increasing radius. The dark halo of the polar disc
galaxy seems to remain closely aligned at large radii outside the
twisted region. Such behaviour is seen in only one of the eight
galaxies in the Bailin et al. sample. This may be a coincidence, but
this strong behaviour in an object that is itself uncommon may hold
additional clues as to the physics by which the polar disc formed. A
larger sample size is required to exclude the possibility of chance.
Iodice et al. (2003) note that polar disc galaxies have an off-
set from the Tully–Fisher relation relative to other spiral galaxies,
showing faster rotation for a given magnitude. This is indicative of
flattening of the potential towards the plane of the polar disc, as
we have demonstrated above. Our polar disc galaxy (MI = −20.3;
B − I = 1.7, from table 1 in Brook et al. 2008; this is for the
whole galaxy as in Iodice et al. 2003), when compared with the
Tully–Fisher relation of S0 galaxies (Williams, Bureau & Cappel-
lari 2010), lies above the best-fitting line, but not significantly so.
Considering that Williams et al. (2010) note that the Tully–Fisher
relation for S0s is lower than that of spirals, the polar disc galaxy
should actually be indistinguishable from these standard popula-
tions, as we find when we compare our stellar mass and circular
velocity to the results of Pizagno et al. (2005) and McGaugh (2005),
among others. This is not unexpected as only seven of the 16 galaxy
sampled by Iodice et al. (2003) are exceptionally displaced from
the general Tully–Fisher profile in their paper. A larger sample
of simulated polar discs would be required to develop any further
conclusions in this area, together with a larger sample of K-band
observations of polar ring (or disc) galaxies.
Maccio` et al. (2006) studied the shape of a simulated polar disc
galaxy and calculated the sphericity of the galaxy halo as we have
done here. There are some differences. Their shape profile peaks at
a sphericity of approximately 0.8, at a radius of 9.8 kpc. Our polar
disc peaks at a sphericity of 0.93 at only 3 kpc, corresponding to
C© 2012 The Authors, MNRAS 425, 1967–1979
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the edge of the stellar disc. At half the virial radius, our halo is
still more spherical than was found by Maccio` et al. (2006) with a
sphericity of 0.65 compared to their 0.5. Our values are fairly stable
with redshift during the lifetime of the polar disc. This galaxy has a
sphericity peak at approximately twice the inner disc, unlike in our
galaxy where the peak and the edge of the stellar disc coincide. The
sphericity peak in Maccio` et al. (2006) is 0.8 compared to our 0.9
and at half the virial radius the sphericity is 0.5, again less spherical
than for our polar disc. Without further comparison in the shape-
finding methods, and a larger statistical sample, further conclusions
cannot be drawn.
4.2 Evolution
We analysed both the classical disc galaxy from Fig. 5 and the polar
disc galaxy towards the ends of their respective quiescent phases
(∼4 Gyr after the last significant merger/burst of star formation, or
post-establishment of the polar disc, respectively). The direction of
the minor axis of the polar disc’s dark halo is strongly aligned with
the same plane (the z-axis of the polar disc angular momentum) for
much of the simulation (Fig. 6). This is not the case for the classi-
cal disc, where the minor axis changes significantly from redshift
z = 0.3 (age = 10.3 Gyr) to z = 0. Thus, there appears to be a
strong, long-term alignment in the shape and direction of the polar
disc halo. This strong alignment may be important in giving rise
to the polar disc, but we are hindered by our sample of only one
galaxy in coming to a strong conclusion on this point.
The inner region of the polar system shows a long-term ‘twist’
that evolves towards orthogonality. The classical disc, after the last
starburst, sees an evolution towards alignment throughout the halo,
such that no twist is evident. We suggest that the initial misalignment
is due to the merger of infalling subhaloes temporarily reorienting
the disc, and the alignment thereafter is traced to the later quiescent
z=2.27
t=2.8 Gyr
z=1.30
t=4.7 Gyr
z=0.75
t=6.9 Gyr
z=0.42
t=9.0 Gyr
z=1.68
t=3.8 Gyr
z=1.02
t=5.6 Gyr
z=0.50
t=8.4 Gyr
z=0.17
t=11.3 Gyr
Figure 6. Time evolution of the alignment profile of the halo’s minor axis
with the simulation aligned to the polar disc. The black line is for the z-axis
(parallel to the polar disc angular momentum), the red line for the x-axis,
and the cyan for the y-axis (approximately parallel to the stellar disc angular
momentum at z = 0.17). The ordinate for each panel is the arccosine of the
modulus of the projection of the minor axis along each of the principal axes.
The y-axis is defined as the angle of the minor axis relative to the z-axis of
the angular momentum of the cold gas.
phase. This raises the interesting possibility that alignment of the
galaxy and dark halo is due to the torques on the galaxy by the dark
halo. Bailin et al. (2005) discounted this, although they did find that
the disc is always aligned with the inner halo, which we find not
to be the case, at least for part of the lives of both discs. For our
polar disc system, the orientation of the dark matter halo in the outer
region is set early and does not significantly change over the course
of the simulation. The classical disc shows considerable variation
in the direction of the halo minor axis from 0◦ to 90◦ over time.
4.3 Shape from observations
In order to derive the shape of the polar disc halo from observational
data alone, we can take measurements of the circular velocity of each
disc. This is best done from the edge-on view because it becomes
difficult to identify these galaxies simply because of orientation
effects (Whitmore et al. 1990). By measuring the circular velocity
of the two discs edge-on, we can gain insight into the shape of the
dark halo.
First, we derive the line-of-sight velocity profiles of the two discs
by, again, laying down ‘slits’ along both. These profiles can then be
used to infer the enclosed mass as a function of galactocentric ra-
dius. If the inferred mass along one disc is greater than that inferred
along the orthogonal slit, the former is likely the direction of the ma-
jor axis. We use the aforementioned redshift z = 0.17 snapshot [the
point at which the two discs are near the end of their ∼4 Gyr stable
period and highly orthogonal (86◦)] to undertake this analysis. We
arbitrarily assign SPH particles with temperatures T < 40 000 K to
be ‘cold gas’, although our analysis is not sensitive to this choice.
For the stellar disc, we concentrate upon stars we know to be rota-
tionally supported which were formed between 6 and 6.5 Gyr after
the start of the simulation, in order to minimize contamination from
the old centrally concentrated disc+bulge stars, the stellar halo and
the polar disc itself. Using the circular velocity (vcirc) and the galac-
tocentric radius (r), we calculate the mass within that radius (M)
as
M(< r) = v
2
circr
G
, (3)
where G is the usual gravitational constant.
Using the circular velocity profiles of the two orthogonal discs,
we can probe the dark matter halo using observationally measurable
galaxy properties. We show the velocity and enclosed mass profiles
of the discs in Fig. 7 (top and bottom panels, respectively). If there
is more mass within a distance r of the centre of the galaxy, then the
halo is compressed in that direction. From the bottom panel of Fig. 7,
we can see that there is more mass along the stellar disc than the
polar disc, which corresponds to a halo compressed orthogonally to
the polar disc. At 3 kpc the difference in mass is ∼70 per cent, with
the mass along the stellar disc being greater. Taking the cube root
of the mass, to crudely estimate the axial ratios, gives 0.9, which
matches remarkably well with the direct computation of the halo
shape, which was found to be 0.92 (Fig. 4), confirming the validity
of using the two discs to probe the shape of the halo.
Brook et al. (2008) note a very high V/σ relation of 4.4 for the
stellar disc and 1.4 for the polar disc. This matches well with the
high V/σ seen in observations, e.g. Schweizer et al. (1983) who
calculate a V/σ of 2.2 for A0136-0801 and Spavone et al. (2011)
who give V/σ = 1.8, 2.15 and 1.28 for UGC 7576, UGC 9796 and
NGC 4650A, respectively.
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Figure 7. Top panel: line-of-sight velocity profile for the intermediate-age
stars (red line) and the polar disc cold gas (black line) at redshift z = 0.17
(age = 11.6 Gyr). Bottom panel: enclosed mass as a function of radius based
upon equation (3).
5 FO R M AT I O N A N D E VO L U T I O N
5.1 Angular momentum
In order to understand the processes that give rise to the polar disc,
we examine the evolution of the angular momentum of the gas, stars
and dark matter. Although not directly related to the disc structures,
the effect of dark matter is important because of the effect of tidal
torques.
In order to explore the formation processes of polar disc systems,
we next traced the origin of the gas that lies within the system and
formed stars in the discs. Maccio et al. (2006) point out that unless
the infall of gas is along the polar axis of the potential, it will be
dragged to align with the stellar disc potential. When gas collapses
under gravity it retains angular momentum, and thus, the gas which
comprises the polar disc and the stars of the stellar disc at z = 0.17
should have a different origin. Two possible origins of the polar disc
galaxy are suggested: first, the gas that comprises the two discs falls
along two different trajectories with two different angular momenta,
or secondly, the last major merger was inclined to the galaxy and
so reoriented the existing gas and stars. New gas would then fall
in along the old filament, but the early infall baryons would not be
reoriented.
We align the simulation such that the polar disc at redshift
z = 0.17 is aligned to the z-axis and use that orientation at each
earlier time-step. The evolution of the angular momentum of the
inner and outer dark matter halo, the gas and the stars is shown in
Fig. 8. This plot shows that the alignment of the angular momenta
of the old stars, intermediate-age stars, gas and dark matter expe-
riences a constant evolution with time after 6 Gyr. The polar disc
(a) halo
(b) inner halo
(c) stars
(d) cold gas
Figure 8. Normalized angular momentum projected on the three principal
axes of the simulation volume: black shows the z-axis, red the x-axis and
blue the y-axis. The top panel, labelled ‘halo’, is the angular momentum of
the entire halo; the panel labelled ‘inner’ is the angular momentum of the
inner kpc of the halo; the panel labelled ‘stars’ is the angular momentum
evolution of old (t < 3 Gyr) stars; the panel labelled ‘cold’ shows the trend
for the cold gas. The grey area is the time of the last major merger.
galaxy evolves continuously into its z = 0.17 (11.6 Gyr) position
with no sharp transitions.
The angular momentum of the dark matter halo (panel a) is
established early and remains essentially constant for the rest of
the simulation, although some tumbling can be seen in the z-
axis. The angular momentum of the entire halo remains essentially
the same throughout the history of the simulation, especially the
x-component. This matches with the shape of the dark halo in the
outer regions, which remains essentially constant.
We see that the angular momentum of the inner region of the
dark halo (panel b) and the stars are locked together because in this
region the stars dominate the gravitational potential of the halo.
We have previously discussed that the shape of the polar disc
halo, and its orientation, remains fairly constant with time. We can
use the axes of the best-fitting ellipse at a radius of 0.25Rvir to
calculate the cross-correlation of the gas and stars with the shape of
the halo potential, as shown in Fig. 9.
The angular momentum of the polar disc aligns to the minor axis
of the dark halo, as previously discussed, and the old stars align
with the major axis within 2 Gyr of the last major merger. The cold
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Figure 9. The angle between the angular momentum of the cold gas (solid
line) and the old stars (dashed line) and the major (top panel), intermediate
(middle panel) and minor (bottom panel) axes of the dark matter halo. The
shape of the halo is measured at 0.25 Rvir. The dotted green lines show
the time of the last major merger for reference and the red lines indicate
the angular momentum which the galaxy would presumably have followed
without the last major merger occurring.
gas takes up to 4 Gyr to move into close alignment with the minor
axis. This may be suggestive of interactions between the dark halo
potential which follows the dark halo shape and the galaxy gas and
stars.
The old stars (Fig. 8, panel c) move orthogonally to the cold gas
(Fig. 8, panel d) after the last major merger. During the last major
merger, there is a peak in the z-axis angular momentum of the stars
which appears to have no long-term effect. This can be seen in both
Figs 8 and 9. At this point, the other two axes begin to twist into
their final redshift z = 0.17 (age = 11.6 Gyr) position.
A striking feature of Fig. 9 is that there is no difference in the
orientation of the gas and stars along the intermediate axis in any
given time period (middle panel). The cold gas angular momentum
becomes increasingly aligned to the halo minor axis (bottom panel).
The most notable feature from this plot is that the gas sees a tempo-
rary change in direction relative to the major axis (top panel) after
the major merger, but recovers. The red line shows the assumed
evolution of the gas angular momentum had the last major merger
never occurred, although this has not been tested. The old stars,
however, do not recover or regain their old angular momentum.
The angular momentum of the galaxy at early times is closely
aligned with the intermediate axis of the halo inertial tensor but
becomes increasingly divergent. The gas and stars are originally
closely aligned but diverge after the last major merger. We see that
initially the galaxy angular momentum is orthogonal to the major
and minor axes and aligned to the intermediate axis. After the last
major merger, there is a change in the angle of both components
relative to the major axis that the old stars maintain. The infalling
gas returns to orthogonality within several Gyr. Without the major
merger it seems likely that the gas and stars would remain orthogo-
nal to the major axis. There is, however, an evolution in the angular
momentum relative to the intermediate axis, such that the gas and
stars angular momentum is initially along this axis but then increas-
ingly diverges. Had the major merger not disrupted the system, it
seems likely that there would be a continuous evolution of both
components until the galaxy angular momentum aligns to the mi-
nor axis in agreement with Bailin et al. (2005). This can be assumed
from Fig. 9. The recovery time suggested corresponds to a feature
of the total angular momentum of the cold gas. Although not shown
in Fig. 8, the last major merger appears to result in an increase in
the total angular momentum of the cold gas followed by a decrease
which lasts from 4 to 6 Gyr. After 6 Gyr, the angular momentum of
the gas rapidly increases again. The angular momentum of the old
stars does not change in magnitude during this collision.
5.2 Formation process
The formation process of the galaxy is intimately connected with
the evolution of the angular momentum described in the previous
section. This is because the changing alignment of the galaxy with
respect to the large-scale environment is what gives rise to the polar
disc properties.
Another manifestation of misaligned gas and stellar discs can
be seen in the phenomenon of warps. It is perhaps reasonable to
assume that warps and polar discs might have a common origin.
In this section, we first briefly examine the possibility that a polar
disc is an extreme type of warp. We then test the formation scenario
presented in Brook et al. (2008) by tracing the angular momentum
evolution of the infalling gas and the direction of the last major
merger.
Warps are now thought to be due to the interaction between
infalling gas and misaligned hot gas (e.g. Rosˇkar et al. 2010). In
our simulated system, though, the hot gas is aligned to the polar
disc. Warps begin at the truncation of the stellar disc and the gas
is only misaligned to the stellar disc outside this radius (Sa´nchez-
Bla´zquez et al. 2009). The polar disc at z = 0.17 (11.6 Gyr) is
out of alignment at all radii and (essentially) perfectly orthogonal,
suggesting that polar discs and warps are distinct processes. At first
glance, there seems to be no significant similarity between warps
and polar discs. However, there is evolution of the direction of the
polar disc galaxy, as a whole, after the formation of the polar disc
(Fig. 9), possibly due to tidal torques.
We identified gas that comprises the polar disc as all gas that
is cooler than T = 40 000 K within the inner 10 kpc of the host
halo at z = 0.17 when the polar disc is most prominent. This lower
temperature threshold does not change the direction of the angular
momentum of the gas but results in a thinner, better defined, disc
structure. We track these particles to their origin, then repeat the
process tracing the gas that formed stars prior to the last major
merger at z = 2. When we plot the positions of these sets of particles,
there is little obvious difference between the two, which one might
expect if the origin of the gas was different filaments.
If we examine an output from before the last major merger, we see
that there is a broad range of angular momentum in the infalling gas
which becomes systematically more aligned to the z-axis with time.
The angular momentum of the infalling gas is surprisingly coherent
with distance from the galaxy. The total angular momentum of the
gas which forms the polar disc stars is tightly aligned with the z-axis
from ∼4 Gyr onwards. It is a similar story if we exclude the gas
which is already in the inner region (within the inner 1 kpc of the
galaxy). This appears to confirm the Maccio` et al. (2006) hypothesis
regarding the importance of cold flows along filaments for polar disc
galaxy formation.
Another feature of the polar disc structure is that during inter-
mediate times the star formation in the old stellar disc is fuelled by
newly infalling gas. The reason for this is that when gas falls into the
innermost region of the galaxy it is strongly affected by the already
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formed stars, which changes the angular momentum of the gas and
brings it into alignment with the stellar disc. In the inner region,
the potential is dominated by the stars. An observational confirma-
tion of this is Combes & Arnaboldi (1996), who find that no dark
halo is needed to reproduce the rotation curve of the stellar disc in
NGC 4650A.
This behaviour no longer occurs after about 9 Gyr. As the entire
galaxy is gradually rotating to bring it into alignment with the galaxy
halo shape, it may be that the gas is at a steep enough angle to the
stellar disc so that it is no longer dragged into alignment with the
stellar disc at later times. This is suggested by Maccio` et al. (2006)
as to why infalling gas needs to be approximately orthogonal for a
polar disc to be stable.
We also see that a considerable fraction of the gas which forms the
polar disc is aligned to the z-axis when it is still far from the galaxy,
but by no means all the gas is tightly aligned, and interactions within
the galaxy halo are important in finally aligning the gas.
The scenario favoured by Brook et al. (2008) suggested that the
polar disc galaxy is formed if the last major merger has a total
angular momentum orthogonal to the infalling gas. This interaction
reorientates the old gas and stars, while the angular momentum
of newly infalling gas remains unchanged. The coincidence of the
last major merger with the more unusual behaviour of the angular
momentum (Fig. 8) of the galaxy is suggestive that it is essential
to the formation of the galaxy. The mass of stars in the polar disc
galaxy at z = 2 is 3.2 × 109 M and the merging satellite galaxy is
1.5 × 109 M, making the interaction at least 1:2.
The angular momentum of the collision is calculated by assum-
ing that each galaxy is a point sitting within the reference frame
of the infalling gas. The relative tangential motion of the collision
is anticlockwise. A schematic example of the galaxy–galaxy in-
teraction is shown in Fig. 10. By examining the internal angular
momentum of the interacting galaxies, we found that most of the
angular momentum of the interaction is stored in the bulk motion of
the galaxies rather than in internal motions. The angular momentum
of the satellite’s stars is aligned to the angular momentum of the
merger.
Figure 10. Projected schematic of the last major merger at redshift z = 2
(age = 3.3 Gyr), just before the stars merge. The blue star is the central
galaxy, while the red star is the galaxy which merges. The blue and green
lines are the projected velocity vectors. Distances are in kpc.
The angular momentum of the collision is along the x-axis in
the chosen reference frame. This is orthogonal to the angular mo-
mentum of the gas falling into the halo from the filament which is
aligned to fall in along the z-axis. As the angular momentum of the
system must be conserved, we suggest that this provides the initial
kick which reorients the old stars away from the initial orientation
(see Fig. 9). This figure suggests that the major merger alters the
behaviour of the galaxy away from a matched gas and stellar disc
which reorientates from being aligned to the halo intermediate axis
to the minor axis.
Much of the gas that forms stars between 4 and 6.5 Gyr has
its origin in the satellite galaxy involved in the last major merger,
and thus contributes greatly to the alignment of the stellar disc.
Specifically, 40 per cent of the stars formed between 4 and 6.5 Gyr
were produced from gas which fell in with the last major merger.
The motion of the system after the major merger may be due
to slow tumbling or torquing by the halo as mass continues to be
accreted. This is important because the stellar disc eventually aligns
with the y-axis of the system.
5.3 Metallicity and age
We derived the radial (mass-weighted) metallicity gradients of the
discs associated with our simulated polar system by placing narrow
slits along each component, ignoring the innermost 1 kpc of both,
to avoid bulge contamination and the intersection point between
the two. The overall stellar metallicity of the stellar disc is roughly
twice (four times) that of the polar stellar (cold gas) disc.
Fig. 11 shows the radial metallicity profiles for the intermediate-
age stars of the stellar disc (black) and the cold gas of the po-
lar disc (red). The metallicity gradient of the latter is very flat
(∼−0.005→ −0.01 dex kpc−1), consistent with the recent obser-
vation of flat gradients in NGC 4650A by Spavone et al. (2010).
The metallicity gradients of the stellar and polar discs are −0.09
and −0.04 dex kpc−1, respectively. This matches the results of
Spavone et al. (2011), who find that the profile for UGC 7576
is also extremely shallow.
Figure 11. Radial mass-weighted metallicity profile for the stars formed in
the primary stellar disc (red), and the cold gas of the secondary polar disc
(black), along 1 kpc thick slits. The stellar disc truncates at ∼4 kpc; beyond
that point, star particles are kinematically associated with the stellar halo.
The polar disc truncates at ∼8 kpc. The dotted lines are the best-fitting lines
to the metallicity profiles, where [Z/Z] = mr + c, m being the gradient
in dex kpc−1 and c the y intercept.
C© 2012 The Authors, MNRAS 425, 1967–1979
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
1976 O. N. Snaith et al.
The negative metallicity gradient seen in Fig. 11 is characteristic
of inside-out disc growth (Matteucci & Francois 1989; Matteucci
et al. 1989; Boissier & Prantzos 1999; Pilkington et al. 2012),
consistent with the formation scenarios suggested by Maccio et al.
(2006) and Brook et al. (2008) for their simulated polar disc systems.
We did, however, note that the gas in the polar disc initially forms
a ring at larger radii and then later ‘fills in’ the inner region. This is
because while the polar disc is forming, the gas in the inner region is
inclined to the old stellar disc rather than the developing polar disc,
depleting the inner region of the polar disc structure. We suggest
that the abundance gradient is indicative of the stellar disc enriching
the gas in the inner region of the polar disc rather than polar disc
stars alone. The lower metallicity polar disc is consistent with its
younger age sampling an earlier part of the age–metallicity relation.
It is consistent with a polar disc being preferentially ‘polluted’ by
the infall of ‘primordial’ gas flowing into the system at late times
along filaments. When we track the origin of this gas below, we
confirm that this is indeed the case.
In terms of global metallicity, this polar disc galaxy is similar to
those surveyed by Spavone et al. (2010, 2011). Specifically, Z/Z =
0.2 for our galaxy, matching the metallicity of NGC 4650A, higher
than UGC 9796 (Z/Z= 0.1) and lower than UGC 7576 (Z/Z=
0.4).
The radial age profile of the stars along each disc shows that the
stars are significantly younger in the polar disc than in the stellar
disc (Fig. 12). The older spheroid component tends to dominate at
both low and high radii, driving the declines seen at the extrema of
both curves. If we remove stars that formed in the first ∼4 Gyr of the
simulation, we find a flat stellar age gradient in both the stellar and
polar discs. The mean formation time of stars in the stellar (polar)
disc is 5–6 Gyr (∼10 Gyr) from the start of the simulation.
Looking at Fig. 3, we see a much higher SFR than is found by
Spavone et al. (2011). However, their SFR matches that for our
polar disc at 9 Gyr or about 1 Gyr after it begins to form. This is a
similar age to the estimated age of the polar disc in NGC 4650A.
As part of our examination of the temporal evolution of the an-
gular momentum, we looked at an alternative approach to decom-
posing the two discs, aligning the simulation volume using the cold
Figure 12. The stellar age profile along the polar (black) and stellar (red)
discs. tform is the mean formation time of stars at a given radius. The stellar
(polar) disc truncates at ∼4 kpc (∼8 kpc). The black dotted line shows the
star formation time with radius for the polar disc, discounting old stars
(tform < 4 Gyr).
Figure 13. The angular momentum profiles of stars along the x (red), y
(blue) and z (black) axes, where the cold gas has been aligned with the
z-axis.
gas distribution and calculating the angular momentum of each star
particle. We can then plot the ratio of the z- and y-components of
the angular momentum to the total angular momentum, as shown
in Fig. 13. It is notable that the angular momentum of stars in the
polar disc is tightly correlated with the gas, such that all stars with
a Jz/Jt greater than 0.9 are considered part of the polar disc. For the
stellar disc, the distribution is broader, suggesting stars with Jy/Jt
greater than 0.75 are part of the stellar disc.
The above provides an age-independent method to identify the
two discs using angular momenta without the age cuts used previ-
ously. This allows us to see how the discs grow; we bin the stars
according to their distances along their respective discs. If we repeat
the calculation of the stellar age profile using this new method, we
can see that the slope at radius <4 and >6 kpc is apparently due
to contamination from the bulge and stellar halo, respectively. This
shows that there is no significant difference in the ages of stars at
different radii, despite the presence of metallicity gradients.
Fig. 14, panel (a), shows that the star formation history of the polar
disc changes slightly with radius, while panel (b) shows the same
plot for the older disc. In the polar disc, panel (a) shows that there is
a population of stars which forms early, contaminating the sample.
Indeed, if we remove those early-forming stars (tform < 4 Gyr) from
the age profile, then the age gradient is almost completely flat, as if
we were using the decomposition method discussed directly above.
The black dotted line in Fig. 12 shows this trend. In Fig. 11, we
show the gas metallicity gradient for the polar disc. When we trace
the gas back in time, and identify it just before it enters the inner
region (radius <12 kpc), we find that the metallicity gradient of the
infalling gas is considerably flatter than at z = 0.17. This is based
on the radius of the particle at z = 0.17 not the radius at the time
of infall. Additionally, we find no particular gradient in the time
at which the gas entered the inner region. This suggests that the
reason for the metallicity gradient at z = 0.17 is the enrichment of
the gas in the inner region due to a higher SFR at small radii, which
is uniform across time. The metallicity gradient is, apparently, not
indicative of an inside-out formation of the polar disc.
The metallicity distribution of the polar disc stars has the same
gradient as the cold gas if we remove the very old stars, but the stars
are 0.15 dex less rich at any given radius. If we include the old stars,
then we find that the inner region is considerably more metal rich.
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Figure 14. Age distribution of stars at different radii along each disc. The lines are colour coded as stated in the inset to each panel. (a) shows the polar disc
stars, while (b) shows the stellar disc stars.
We conclude that the Brook et al. (2008) polar disc is compa-
rable to the polar disc galaxies observed in nature (Iodice et al.
2002; Spavone et al. 2010). The polar disc structure is older than
the value derived for NGC 4650A by Spavone et al., but has a com-
parable mean metallicity. The stellar disc is more metal rich than
the younger polar disc, and the metallicity gradient for the polar
disc is comparably shallow to that observed in NGC 4650A. The
polar disc does not produce stars for ∼3–4 Gyr after the last major
merger, consistent, for example, with the picture proposed for UGC
9796 (Cox et al. 2006).
6 C O N C L U S I O N S
We have extended the preliminary analysis of the polar disc structure
first introduced by Brook et al. (2008). We have examined the
properties of the dark matter halo shape, the formation process of
this object and the metallicity and stellar age gradients of the discs.
Iodice et al. (2003) point out that polar disc galaxies provide
an unparalleled chance to study the shape of the inner region dark
matter haloes using observations in a way normally only possible
in simulations. The two orthogonal discs have a circular velocity
defined by the potential, which is dominated by dark matter. By
comparing the circular velocity of orthogonal discs, we estimate
the flattening of the dark matter in the plane where both discs are
seen edge-on and find that the halo is flattened in the direction of
the polar disc, as found by Iodice et al. Specifically, the axial ratio
is found to be c/a = 0.9. Directly measuring the dark matter halo in
the simulation, we find the same result and find the axial ratios are
extremely similar using both methods, i.e. c/a = 0.93. The value
quoted is for the inner region of the halo, at the radius of the polar
disc itself. In the outer region of the disc, the sphericity declines to
0.67. We concentrated on the inner region in this work because that
is the region probed by the baryons.
This value is closely matched by simulations of dark matter
haloes, such as the galaxy size haloes with cooling simulated by
Kazantzidis et al. (2004) and shown in their fig. 2, which shows an
almost spheroidal inner region, with a sphericity of 0.9 at 10 per
cent of the virial radius, and an outer region of c/a = 0.6, confirm-
ing the work of Springel, White & Hernquist (2004) and Allgood
et al. (2006), amongst others. Allgood et al. (2006) has categorized
halo shapes from cosmological simulations using statistical sam-
ples. Using their results, we expect our halo to have a c/a ratio of
approximately 0.65 at z = 0.17, which is consistent with the polar
disc galaxy halo; the value of c/a for the ‘classical’ disc shown in
Fig. 5 at the viral radius is 0.7. The shape profile, both in angle
and sphericity, remains stable from outside the inner region to the
virial radius. This differs from the work of Bailin et al. (2005) and
Allgood et al. (2006), who find a change of angle and shape with
radius. This feature is unusual but polar discs are unusual objects
and this may be characteristic. Maccio` et al. (2006) did not see the
same level of coherence in their polar disc galaxy, however.
Compared to observational estimates, e.g. Sackett (1999), how-
ever, these haloes appear very spherical. Studies of polar ring/disc
galaxies (see Sackett et al. 1994; Combes & Arnaboldi 1996; Iodice
et al. 2003) suggest a highly flattened halo of between 0.3 and 0.4.
Sackett (1999) does, however, provide some suggestions as to why
this difference occurs. Estimates of c/a for haloes based on differ-
ent observations vary wildly depending on the chosen metric, such
that c/a = 0.5 ± 0.2. In the outer region of the halo the axial ratio
(c/a) falls within this range with a value of 0.65. In the inner region
(R < 15 kpc) where the observational estimates probe we see c/a =
0.9–0.75. The simulation outcome is also close to the result of
Hoekstra, Yee & Gladders (2004) based on weak lensing, who es-
timate a halo sphericity of 0.67+0.09−0.07, the upper range of which is
close to the sphericity of our halo at a radius of 14 kpc. As for the
extremely elliptical shape found for polar ring/disc galaxies, the
methods used may simply not give good estimates; indeed, Sackett
(1999) notes the difficulty in measuring halo sphericity observa-
tionally.
We have concluded that the polar disc of this system is not caused
directly by a merger or stripping. There is no single merger or
stripped satellite which contains enough gas to form the massive
polar disc. By process of elimination, the polar disc must form from
inflowing cold gas, as in Maccio et al. (2006). We attempted to iden-
tify the mechanism by which this cold gas flows into the system
and gives rise to the polar structure, asking why the filaments
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should change direction relative to the old stellar disc. The struc-
ture of the polar disc seems to be a result of the direction of gas
infall from the filament. We have shown that there is not a single
moment when the polar disc ‘forms’ but, instead, there is a con-
stant evolution of the angular momentum of the infalling gas and
stars.
The angular momentum of the last major merger is almost exactly
orthogonal to the filament and we feel that this is the most likely
origin of the polar disc structure. In this scenario, put forward by
Brook et al. (2008), the major merger reorientates the angular mo-
mentum of the old stars and the cold gas already present in the disc.
Gas continues to flow in from the large-scale structure unaffected
by this merger and so builds up the polar disc.
We see that the major merger affects the stars most strongly
without any significant influence on the dark halo, and the cold
gas recovers its old angular momentum within a Gyr. However,
this is not the whole story as subsequent to the major merger
there is further evolution in the orientation of the entire galaxy
system, potentially due to tumbling or torques from the halo.
The growing alignment of the polar disc with the intermedi-
ate axis of the dark halo does not seem affected by the major
merger.
We also provide a basic comparison of the polar disc galaxy to
a classical disc galaxy to better isolate the origin of the extreme
behaviour of the polar disc. We also confirm that the polar disc
exhibits the characteristics of a disc built up from the inside out,
both from the metallicity gradient and the stellar age profile. Clearly,
though, any conclusions for their formation, when based upon a
single simulated system, must be taken as tentative, at best. We
need to (and will) repeat this analysis on a statistically significant
sample of simulated polar disc systems.
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